Abstract Today, SPECT/CT is increasingly used and available in the majority of larger nuclear medicine departments. Several applications of SPECT/CT as a supplement to or replacement for traditional conventional bone scintigraphy have been established in recent years. SPECT/CT of the upper and lower extremities is valuable in many conditions with abnormal bone turnover due to trauma, inflammation, infection, degeneration or tumour. SPECT/CT is often used in patients if conventional radiographs are insufficient, if MR image quality is impaired due to metal implants or in patients with contraindications to MR. In complex joints such as those in the foot and wrist, SPECT/CT provides exact anatomical correlation of pathological uptake. In many cases SPECT increases the sensitivity and CT the specificity of the study, increasing confidence in the final diagnosis compared to planar images alone. The CT protocol should be adapted to the clinical question and may vary from very low-dose (e.g. attenuation correction only), to low-dose for anatomical correlation, to normal-dose protocols enabling precise anatomical resolution. The aim of this review is to give an overview of SPECT/CT imaging of the extremities with a focus on the hand and wrist, knee and foot, and for evaluation of patients after joint arthroplasty.
Introduction
SPECT/CT in musculoskeletal imaging is not simply a diagnostic alternative to other multiplanar modalities such as CT and MRI. The Tc-3,3-diphosphono-1,2-propanedicarboxylic ( 99m Tc-DPD) SPECT component provides additional information on bone turnover, which is unique to this modality (except for PET imaging with fluoride). With the morphological information from the CT component it is possible to specify the hot spot, the lesion showing uptake on scintigraphy, and with the information from the SPECT component it is possible to grade the activity associated with structural changes of the bone. In simple terms, SPECT provides sensitivity, and CT provides specificity.
While low-dose CT may provide sufficient information in cardiac and oncological SPECT/CT, musculoskeletal disorders of the extremities usually require the acquisition of full diagnostic CT data. This includes the reconstruction of highresolution images with thin slices (1 mm or below), a sufficient pixel matrix and an appropriate field of view. Further enhancement of image quality is achieved by employing a dedicated bone kernel and iterative reconstruction algorithms. Postprocessing also plays an important role. Three-dimensional reconstructions and volume rendering techniques may be especially helpful in large joints such as the shoulder and hip, and in patients with joint prostheses or surgical hardware [1] [2] [3] [4] . The acquisition of planar blood pool images prior to late-phase SPECT/CT imaging helps in the assessment of inflammatory conditions such as osteomyelitis and rheumatoid arthritis, as well as in chronic regional pain syndrome [5] [6] [7] .
We provide an outline of the clinical applications and diagnostic value of SPECT/CT of the hand and wrist, shoulder and elbow, knee, and foot and ankle, as well as in the evaluation of prostheses.
Hand and wrist
Disorders of the hand and wrist are difficult to assess-radiologically and clinically. A multitude of articulating joint surfaces and joint spaces guiding intrinsic and extrinsic ligaments and tendons allow and restrict the motion of this joint. Even after careful clinical examination and comprehensive conventional and crosssectional imaging work-up, the underlying cause of wrist pain may still be unclear. Especially in patients suffering from longstanding posttraumatic or idiopathic degenerative changes, several lesions may coexist. Among these, 99m Tc-DPD SPECT/ CT is able to depict those with increased bone turnover.
SPECT/CT is valuable for the assessment of patients with painful conditions of the wrist [8] [9] [10] [11] [12] , providing good sensitivity and specificity. Its main strengths are detecting pathologies not shown by other imaging modalities, such as posttraumatic bone remodelling and occult fractures, and precise localization of hot spots found on bone scan. Although these hot spots may appear similar in extent, intensity and location on the scintigraphic image, different underlying pathologies may be present. Linke et al. reported that 20 % of upper and lower extremity lesions classified as osteoarthritis on planar and SPECT images were reclassified as fractures and benign tumours on SPECT/CT images [9] . The ulnocarpal region is a main focus in posttraumatic and degenerative disease. With anatomical information from coregistered SPECT/CT images, ulnocarpal impaction, ulnar styloid impingement and Kienböck's disease can be distinguished easily. Allainmat et al. reported improved diagnosis of occult fractures of the wrist using SPECT/CT as compared to CT alone [11] . At the metacarpal interface, occult fracture and carpal boss (Fig. 1) , which appear similar on bone scans, are readily assessable on SPECT/CT images. The correct diagnosis of these entities is essential for patient treatment, resulting in immobilization or osteosynthesis given a fracture, and bone resection in the case of carpal boss. With SPECT/CT, simultaneous imaging of both hands is also possible, which may be beneficial in the assessment of inflammatory disorders such as rheumatoid or psoriatic arthritis.
One major drawback in the evaluation of patients after hand or wrist surgery using MRI are metal artifacts from surgical hardware such as screws, nails and prostheses. Even tiny particles from metal wear, that appear almost inconspicuous on radiographs, may cause extensive field inhomogeneity on MR images [13, 14] . Such artifacts may be addressed to a certain extent by a number of artifact reduction sequences, which have considerably improved in the last decade. However, unlike in large joints such as the hip joint, in which postsurgical pathology is often located within adjacent soft tissues [15] [16] [17] , and may be depicted on artifact-reduction MR images, artifacts in the postsurgical hand and wrist often reside exactly in the anatomical centre of interest and are thus also disguised on artifact-reduction MR images. Bone evaluation using CT is limited by beam-hardening artifacts due to metal to a lesser extent, as images with such artifacts are often still sufficient for the evaluation of hyperdense bony structures. Moreover, there are a number of hardware-and softwarebased artifact reduction techniques available from the different SPECT/CT vendors (e.g. extended HU scale), that allow further improvement in image quality. The combination of SPECT and CT in the single examination SPECT/CT usually provides sufficient information in patients with surgical hardware in the hand and wrist. The combination of CT arthrography and SPECT/CT in one investigation, called SPECT/CT arthrography, is feasible and enables the visualization of critical structures such as the scapholunate and lunotriquetral ligament, triangular fibrocartilage complex and articular cartilage [18] . Patients with ulnar-sided wrist impaction syndromes and patients with contraindications to MR or with metal implants might benefit from this new imaging approach.
Currently, SPECT/CT is mainly used as a problem-solving method in hand and wrist disorders, usually when MR imaging is equivocal. In patients in whom bone pathology is strongly suspected, or in patients with surgical hardware, a primary SPECT/CT approach might be advantageous.
Shoulder and elbow
Many degenerative, neoplastic or traumatic conditions lead to shoulder pain or impaired shoulder function. Besides conventional radiography, ultrasonography and MR (arthrography) are often used to evaluate the rotator cuff, glenoid labrum and other important structures. The experience and published showed that SPECT/CT is particularly helpful in showing loosening of the humeral or glenoid component, or in finding other causes of pain such as acromioclavicular joint osteoarthritis or subacromial impingement [19] .
In tumour patients staged with whole-body planar scintigraphy, increased uptake in the shoulder joint leads to difficulties in the discrimination between metastases and degenerative lesions. In these patients SPECT/CT may serve as an effective problem-solving tool and leads to a final diagnosis in the majority of patients. Osteoid osteomas sometimes originate in the shoulder region, with cases described in the coracoid process, the glenoid fossa, the scapula body and the acromion [20] . In our experience SPECT/CT is very helpful in localizing osteoid osteomas in the shoulder and in planning adequate therapy.
Hip
In patients with a painful hip prosthesis conventional radiography serves as the first-line imaging to evaluate its position, signs of loosening, periprosthetic fractures, calcifications or ossifications. Loosening of the acetabular or femoral component occurs in up to 10 % and infections in approximately 1 -2 % of patients [21] . If complications are suspected, conventional three-phase bone scan serves as the second step modality. According to a meta-analysis, bone scan yields a sensitivity and specificity of 85 % and 72 % for aseptic loosening of the femoral component, and 83 % and 67 % for the acetabular component [22, 23] . Precise clinical information addressing the age of the prosthesis, material composition, presence of cementation, and location of the patient's symptoms are crucial to avoid misinterpretation of bone scan data. It has been shown that the information provided by conventional radiography can improve the interpretation of bone scintigraphy by increasing the sensitivity of integrated reporting from 73 % to 84 % [24] . From studies in asymptomatic patients, it is well known that increased scintigraphic uptake on planar images due to remodelling can persist for at least 1 year after implantation, and even longer in cementless prostheses [25] . Venesmaa et al. recently showed that increased bone turnover around the prosthesis can be observed with Tc-DPD SPECT for up to 3 years in asymptomatic patients [26] .
With the increasing clinical availability of SPECT/CT devices, SPECT/CT imaging covering the prosthesis can easily be added with an extra imaging time of approximately 15 min. The resulting anatomical correlation of increased uptake and the supplementary morphological information from the CT component often improves the resulting report and has an impact on therapeutic decision making (Fig. 2) . The value of SPECT/CT in the evaluation of hip prostheses is striking in daily routine but not well supported by the very limited available literature. Several reviews are currently available, but prospective focused studies are lacking [27] .
The many types of hip prosthesis available and range of different materials and surface conditions have a substantial influence on the interpretation of SPECT/CT images. Increased tracer uptake reflects the biomechanical stress reaction of the bone. Thus, knowledge and understanding of the different mechanisms of anchorage of the implants is very helpful. Alignment and orientation of total hip implant components influence bone SPECT/CT uptake distribution. A close collaboration among nuclear medicine physicians, orthopaedic surgeons and radiologists is crucial to find the reason for painful hip prostheses and the best therapeutic approach.
The increased sensitivity of SPECT/CT compared to planar scintigraphic images should not lead to overinterpretation. Generally, all available metabolic and morphological information given by the SPECT/CT study should be incorporated into the interpretation: location, intensity and pattern of scintigraphic activity in all phases often pinpoint the causative lesion. Early-phase uptake can indicate soft-tissue inflammation, prosthesis infection or synovitis. Linear late-phase uptake can be related to periprosthetic fractures. Increased uptake around the femoral and/or the acetabular component often reflects loosening. In the presence of nonspecific uptake on planar or SPECT images, the dedicated interpretation of the CT part of the study often helps identify corresponding osteolysis, fracture or soft-tissue abnormalities such as calcifications, ossifications, joint effusion, ganglion cysts or tumours. Malpositioning of the femoral or acetabular component may be detected and measured on CT images. Especially in older patients without any pathology in the region of the implant, additional lumbar spine or whole-body images can help identify pathologies responsible for radiating pain.
Prosthetic joint infection occurs in 1-2 % of primary and 3-5 % of revision implants [28] . Adding SPECT/CT in patients with suspected prosthetic joint infections, substantially improves imaging with Tc-HMPAO-labelled leucocyte scintigraphy in 10 of 28 patients (36 %), including two patients with a knee prosthesis and five patients with a hip prosthesis [30] .
In addition to prosthesis imaging, a number of other SPECT/CT applications are promising. SPECT/CT provides important additional information in patients with suspicion of osteonecrosis or impaired vitality of the femoral head due to trauma (or other reasons) [31] . SPECT/CT is especially helpful if MR imaging is impaired by metal implants. With new metal artifact-reduction sequences MR imaging of hip prostheses has made promising progress and comparative studies between SPECT/CT and MRI are needed to delineate the advantages and disadvantages of the different modalities [32] . Stress fractures and osteoid osteomas (Fig. 3) are other entities encountered in the hip that can be imaged adequately with SPECT/CT [33] .
Knee
Evaluation of osteoarthritis, osteochondral defects, painful knee prostheses and bone tumours represent the majority of 99m Tc-DPD SPECT/CT knee examinations performed in daily routine. Conventional radiography is still the first-line imaging modality for the evaluation of the painful knee joint. Often an additional MRI scan is necessary for the evaluation of menisci, ligaments, cartilage and osseous structures. Although MRI covers the majority of pathologies encountered in the knee, SPECT/CT may serve as an important complementary modality, not only in patients with contraindications to MRI. Buck et al. found that bone scan is more sensitive for mechanical bone overload compared to MRI in patients with chronic medial knee pain [34] . By assessing the uptake in the three knee joint compartments (femoropatellar, medial femorotibial, lateral femorotibial) with combined morphological and metabolic information, SPECT/CT provides important information for therapy planning, e.g. for the decision between partial or total joint arthroplasty. Recently we introduced SPECT/CT arthrography of the knee to increase the value of SPECT/CT alone. This technique enables the visualization of the articular cartilage, menisci, synovial structures, and loose bodies after intraarticular administration of contrast agent [35] . In our experience this technique can be performed easily and is especially promising in the evaluation of the stability and activity of osteochondral defects (Fig. 4) .
Painful knee implants are a common clinical problem. Traditionally, conventional three-phase bone scintigraphy is used when conventional radiographs are not sufficient to explain the clinical situation. Taking into consideration that physiological periprosthetic bone turnover leads to increased scintigraphic uptake for at least 1 year after joint replacement, bone scintigraphy has shown good sensitivity (88 -92 %) and specificity (76 -100 %) in postoperative knee replacement complications [36, 37] . The combined SPECT/CT examination of knee implants offers a lot of additional information about the position of the prosthesis, joint effusion, osteolyses and fractures. Hirschmann et al. implemented a standardized approach for the evaluation of uptake in knee implants [38] . They claimed a high inter-and intraobserver agreement using this approach. They also provided evidence for a diagnostic impact of SPECT/CT in 83 % of 23 consecutive patients with a painful knee implant [39] . Femoropatellar osteoarthritis (11 patients), and loosening of the tibial component (3 patients) and femoral component (2 patients) were the major SPECT/CT diagnoses. A similar approach has been reported by the same Tc-DPD SPECT image (d), increased tracer uptake (arrow) is seen in the medial femoral condyle corresponding to the well-fixed osteochondral fragment on the CT image (c, arrow) and the SPECT/ CT image (e, arrow). The articular cartilage surface is nicely visible and well preserved on SPECT/CT arthrography group for the evaluation of anterior cruciate ligament grafts, trying to correlate the location of increased uptake with biomechanical appreciation and clinical symptoms [40, 41] . A novel four-dimensional SPECT/CT approach correlates tracer uptake and joint replacement component positioning in patients after total knee arthroplasty, showing excellent inter-and intraobserver reliabilities, and might therefore be the evaluation standard of the future [42, 43] .
Although SPECT/CT is increasingly used in daily routine with convincing results, well-founded studies addressing the additional value of SPECT/CT are still rare and the level of evidence is limited [44] . Close collaboration among orthopaedic surgeons and nuclear medicine physicians seems to be essential to integrate all important clinical information and imaging findings into a therapeutic decision.
In cases of benign and malignant bone tumours in the knee joint, such as osteoid osteoma, enchondroma, osteoblastoma, giant cell tumours, sarcomas and others, SPECT/CT provides important information on the extent and activity of disease and should always be combined with whole body images to exclude multifocal bone disease.
Foot
Due to the close proximity of multiple small and complex joints, the clinical evaluation of the painful foot is often challenging. Combining SPECT and high-resolution CT enables the exact anatomical correlation of increased uptake in traumatic, inflammatory, neoplastic and degenerative disease (including congenital variants), e.g. accessory sesamoid bones, tarsal coalition and osteochondrosis dissecans [45] . The assessment of the extent of osteoarthritis is a common clinical request in the foot that can be addressed precisely by SPECT/CT, thus facilitating therapy planning, e.g. corticosteroid injection or arthrodesis. Pagenstert et al. found that the interobserver reliability of Tc-DPD SPECT image (c) obtained 5 days later demonstrate band-like increased uptake (arrows) in the distal tibial metaphysis corresponding to a sclerotic line on the CT image (d, arrow) and fused SPECT/CT (e, arrow) due to an insufficiency fracture SPECT/CT in the localization of osteoarthritic changes in the foot was excellent (k =0.86), and significantly higher than that of CT and bone scan [46] . Singh et al. investigated 50 patients with SPECT/CT of the foot [47] . In 39 patients (78 %) the SPECT/CT findings led to a modification of the treatment plan. The accuracy, sensitivity, specificity, and positive and negative predictive values of SPECT/CT in this series was 94 %, 95 %, 83 %, 98 % and 71 %, respectively. Chicklore et al. found that SPECT/CT was useful for the evaluation of impingement syndromes and soft-tissue pathologies [48] . SPECT/CT can be used for the postoperative evaluation of the foot after arthrodesis to assess nonunion or the development of osteoarthritis in adjacent joints due to mechanical overload. SPECT/CT can also be used to evaluate bone healing in calcaneal fractures after osteosynthesis, and the development of subtalar joint osteoarthritis. In rare cases of osteoid osteoma in the foot SPECT/CT is the ideal imaging modality to show the nidus and increased uptake, while MRI might even be misleading due to extensive bone marrow oedema rendering the detection of the nidus difficult [49] .
As in the wrist and knee joint, SPECT/CT arthrography increases the diagnostic performance of SPECT/CT alone by showing the articular cartilage, synovial changes and loose intraarticular bodies (Fig. 5) . Contrast agent injection into the ankle joint under fluoroscopic guidance can be performed easily. Our preliminary results in eight ankle joints (unpublished data) support the feasibility of this new technique. Especially in osteoarthritis of the ankle joint and osteochondral lesions of the talus, SPECT/CT arthrography provides important information on bone metabolism, articular cartilage and stability of the osteochondral lesion with an impact on therapy. Achilles tendonitis and plantar fasciitis are other pathologies that may be diagnosed with SPECT/CT. As clinical examination, ultrasonography and MRI are very powerful tools for assessing tendon pathologies, we believe that the major advantage of bone scan is in "staging" the whole skeleton for foci of enthesiopathy in patients with rheumatological disorders suffering from spondyloarthropathy.
Stress fractures to the foot are not rare and are often visualized by the combination of fracture lines or hyperdense areas on CT images and corresponding increased activity on SPECT images (Fig. 6) . Painful accessory bone syndromes, such as those caused by an os trigonum or accessory navicular bone, show increased uptake on SPECT/CT images and can be treated with injections of local anaesthetic. Tarsal coalition is a deformity resulting from abnormal fibrous, cartilaginous or osseous bridging between two or more tarsal bones. Calcaneonavicular and talocalcaneal coalitions can be missed on conventional radiographs, an CT and even MRI images [50] . Combined metabolic and morphological evaluation of coalitions by SPECT/CT and comparison with the contralateral side-as bilateral involvement occurs in about half of casesare very helpful in symptomatic patients. In leucocyte scanning to evaluate the diabetic foot [5] . This approach was highly accurate and improved the detection and discrimination of soft-tissue infection and osteomyelitis considerably. In another study in 17 patients with 19 clinically suspected sites of infection, 99m Tc-HMPAO-labelled leucocyte SPECT/CT imaging resulted in a change to the interpretation compared to SPECT and planar images alone in ten sites (53 %), and thus contributed significantly to the correct evaluation [51] .
Conclusion
In conclusion, SPECT/CT of the extremities is a very promising field in clinical imaging. To utilize the whole power of metabolic and morphological information in SPECT/CT, profound knowledge of musculoskeletal CT imaging is essential to enable integrated reporting. Although increasingly used in daily routine with convincing results, well-founded literature is still rare.
